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Introduction
The use of vapor chambers or flat heat pipes in thermal management applications is attractive due to their effective passive heat spreading capability and reliability [1] [2] [3] . Recently, there has been a focus on increasing the power dissipation limits of vapor chambers by improving the thermal-hydraulic performance of the porous wick at the location of heat input (i.e., the evaporator), where high local heat fluxes may induce boiling in the wick [4, 5] . In comparison to homogeneous or monoporous evaporator wicks, hybrid [6] [7] [8] [9] and biporous [10] [11] [12] [13] evaporator wick designs have successfully sustained higher heat fluxes by phase change during capillary feeding. The design rationale and performance tradeoffs reported in the literature, specifically for high-heat-flux dissipation during capillary-fed boiling from evaporator wicks, are reviewed in this section.
Recent developments related to porous evaporator wicks for capillary-fed boiling, all using water as the working fluid, are summarized in Table 1 . This table chronologically catalogs the evaporator wick types, saturation temperature during testing, heater size, maximum heat flux, maximum total power dissipation, and the superheat and thermal resistance at the maximum power dissipation. Sintered copper porous wicks are most commonly used for capillary-fed boiling due to their high conductivity and because they offer many parallel fluid flow paths for liquid replenishment during boiling. Weibel et al. [14] studied evaporation and boiling behaviors from sintered monoporous copper wicks and reported heat flux dissipation greater than 500 W/cm 2 . To improve on the thermal performance of monoporous wicks, different surface nanostructuring techniques and chemical modifications have been evaluated in the literature. In the case of copper wicks, growing copper oxide (CuO) nanostructures improves the wettability of the wick [15, 16] . In addition to increasing the capillary performance, the roughness of the CuO nanostructures has been shown to provide increased nucleation site densities, which enhances the heat transfer coefficients during boiling. Nam et al. [15] showed that nanostructuring copper micro-post wicks enhances the dryout heat flux by 70% compared to bare copper micro-posts, reporting dryout heat fluxes as high as ~800 W/cm 2 . Nevertheless, monoporous wicks have one characteristic pore size, which can be tuned to either provide a high capillary pressure or high permeability, but not a combination of both.
Biporous wicks overcome this limitation, where the larger pores offer a high permeability for better liquid feeding, while the smaller pores can sustain liquid menisci for capillary feeding during high-heat-flux operation. Biporous wicks composed of patterned carbon nanotube (CNT) forests were investigated by Cai and Chen [11] and shown to dissipate extreme heat fluxes of ~900 W/cm 2 ; Semenic and Catton [10] used sintered copper biporous wicks to dissipate 990 W/cm 2 .
While extremely high heat fluxes have been passively dissipated by capillary-fed boiling, Table 1 reveals that these fluxes are either limited to small hotspots (typically less than a few mm 2 [10] was attained at a surface superheat of ~150 K.
Effective fluid delivery throughout the evaporator region and efficient vapor removal from the wick are both necessary to enhance the dryout limits of porous wicks over larger evaporator areas (~1 cm 2 ). A few different hybrid sintered evaporator wick designs have been proposed to achieve this goal. Dai et al.
[8] used a combination of sintered screen mesh and rectangular microchannels for the evaporator wick; the microchannels provide high-permeability pathways for liquid feeding, while the smaller pores in the screen mesh provide a high capillary pressure. These wicks demonstrated 150 W/cm 2 dissipated over an area of 1 cm 2 . Hwang et al. [6] fabricated and tested a sintered copper evaporator wick with lateral converging arteries that feed a thin layer of sintered particles within the heated area. The arteries provide liquid feeding while the small thickness of the sintered layer keeps its thermal resistance to a minimum. Heat fluxes of ~580 W/cm 2 were dissipated over a 1 cm 2 heater area, albeit at a high superheat of ~72 K. The high superheat was attributed to local dryout occurring in the center of the heated area.
In our previous work, we designed a two-layer evaporator wick [17] to achieve high heat flux dissipation over large heater areas at a low thermal resistance. The two-layer evaporator wick, as shown in Figure 1 (a), comprises a thin base wick to support low-resistance boiling, that is supplied with liquid through an array of vertical posts attached to a thick cap layer above. In addition, vapor vents in the cap layer allow for the vapor generated by boiling in the thin base wick layer to escape. Fabrication and testing of a prototype two-layer wick [18] confirmed this working mechanism during capillary-fed boiling. The two-layer wick decoupled liquid feeding from vapor removal, thus providing an unrestricted pathway for distributed liquid supply to the base wick, without the occurrence of any local dryout that would otherwise increase the superheat. In the current study, we demonstrate high-heat-flux dissipation using the two-layer evaporator wick previously introduced. The fabrication steps and the internal structure of the two-layer wick are first described, and the effect of sintered particle size on the capillary-fed boiling behavior is then studied for a benchmark single-layer wick. Subsequently, a two-layer wick composed of the bestperforming particle size is characterized and its performance compared to the literature.
Characterization and imaging of the two-layer wick structure
The process steps involved in the fabrication of the two-layer evaporator wick were previously presented in Ref. [18] . To briefly review, a layer of copper particles is first sintered on a copper substrate, followed by subtractive laser machining to form the posts and expose a thin base wick layer over the center 1 cm 2 heater/evaporator area. This first layer is then inverted onto a second layer of loose copper particles and sintered together, which results in a cap layer that is connected to the top of the posts for liquid feeding to the base layer. The vapor vents are then laser-machined through the cap layer, offset from the posts. The structure of the two-layer wick is shown in Figure 1 (a) which identifies the key features.
While most of the prior hybrid evaporator wicks have been fabricated using copper particles sintered in a single step [6, 7] , the two-layer wick required two separate sintering processes. It is thus critical to confirm that sintering yielded connectivity between the layers of the wick, as required for the desired topdown liquid-feeding to function. In addition, it is important to ensure proper alignment between the layers and confirm that the vapor vents were offset from the posts. Furthermore, the effect of laser ablation on the morphology of the sintered copper wick is characterized to confirm that the primary liquid-feeding path was not impeded. Hence, this section briefly describes the laser machining parameters that were used for fabrication and investigates the internal structure of an as-fabricated two-layer wick through scanning electron microscopy (SEM) and micro-computed tomography (μ-CT) scanning. To destructively investigate the internal structure and surface characteristics resulting from this fabrication approach, an additional two-layer wick sample was fabricated with a 4 × 4 array of liquid feeding posts and an offset 3 × 3 array of vents.
The laser machining process is briefly described here and the laser parameters specified. A multiwavelength fiber laser (Universal Laser Systems PLS6MW, Birck Nanotechnology Center, Purdue University) is used to ablate the sintered wick to form the features. In each pass across the surface, the laser ablates a portion of the material and achieves a depth on the order of tens of microns. Multiple passes of the laser are required to fabricate the posts and the vents in the two-layer wick having heights on the order of hundreds of microns. The laser power and raster speed can be controlled to affect the ablation depth during each pass. A fabrication recipe was developed by varying the laser power and speeds to identify a combination that gave a near-linear relationship between the ablation depth and number of passes. This recipe was tuned specifically to each sintered particle size and then employed to control the depth. The structure of a two-layer wick fabricated with 90-106 μm particles and a combination of 70% laser power and 10% raster speed is presented below.
SEM imaging of the liquid-feeding posts and vapor vents
The structure of the liquid-feeding posts and the vapor vents is revealed from SEM images. is not expected to affect the thermal performance (and may even assist in preventing liquid entrainment into the vapor flow pathways). We have thus confirmed that the laser machining process successfully achieves the necessary features for top-down liquid feeding and vapor venting.
To check the alignment between the posts and the vents after fabrication, a quarter section was cut out from the full two-layer wick sample and imaged. To prevent abrasion damage to the sintered particles, this sectioning was achieved using the laser to cut through the entire two-layer wick thickness and solid copper substrate. Figure 1 (d) shows a perspective cutaway view of the sectioned two-layer wick. The liquid-feeding posts are seen to be present underneath the cap layer and offset from the vents. The base wick layer thickness above the substrate is also visible.
μ-CT scans of the two-layer wick
The internal structure of the evaporator wick was investigated by μ-CT scanning (Bruker Skyscan 1272) to the substrate underneath the cap layer, with these layers separated by an internal gap equal to the height of the liquid-feeding posts. The μ-CT scan has some artificial noise within this gap above the base layer due to the difficulty for X-rays to penetrate through the solid copper. The vapor vents and the liquid-feeding posts are visible in slices 3 and 4, respectively. There is some tapering of the post and vent sidewalls that results from the laser machining process, which is not material to their intended functioning. Importantly, the posts are seen to be well-sintered to the cap layer, providing a continuous pathway for top-down liquid feeding to the thin base layer. Overall, the μ-CT scan images reveal that the sintering and laser machining processes are successful in ensuring the connectivity of the liquid-feeding features to the base wick layer. In addition, the features of the two-layer wick are confirmed to remain intact after fabrication.
3 Capillary-fed boiling experimental characterization
Experimental facility and procedures
An experimental facility is used to study boiling heat transfer from the capillary-fed wicks under conditions that mimic the evaporator region of a vapor chamber. The evaporator wicks are tested in a saturated environment while being fed with liquid uniformly from all directions; the wick is not submerged and flooding over the top of the wick is avoided. The experimental facility is described comprehensively in Ref. [18] and is summarized in brief here. The wick substrate is soldered to the top 10 mm × 10 mm surface of a copper heater block in an insulated heater assembly. The solder provides a low-resistance thermal connection between the heater block and the substrate. The heater block is instrumented with thermocouples to directly measure the heat flux and determine the wick substrate temperature by extrapolation. The heater block specifications, data reduction procedure, and uncertainty quantification are presented in Ref. [18] . A layer of mineral wool and PEEK insulation surround the copper heater block.
Prior to testing, the wicks are treated in a dilute piranha solution to strip the surface of any oxides and organic contaminants. The piranha solution is prepared by diluting 15 ml of 96% sulphuric acid (H2SO4) and 5 ml of 30% hydrogen peroxide (H2O2) into 100 ml (total volume) aqueous solution. The wicks are soaked in the solution for 60 sec. The copper wicks are then rinsed in DI water and dried thoroughly with a compressed nitrogen gun. The wicks are then immediately sealed into the chamber. For each wick sample, the relationship between imposed heat flux and substrate temperature (boiling curve) is established, and the thermal resistance is determined at each heat flux. Each test is carried out by increasing the heat input in steps and allowing the system to reach steady state at each heat input value. The test is terminated when dryout is reached; dryout is characterized by a sudden rise in the substrate temperature that does not settle to a steady value. In this work, the substrate superheat at the first steady heat input value was high enough to initiate nucleate boiling in the wick; capillary-fed boiling occurs in all of the steady data points reported.
Single-layer wicks testing: effect of sintered particle size
A reduced-order model of the thermal-fluid performance of the two-layer wick, developed in our previous work [17] , revealed that the maximum pressure drop occurs in the base wick layer, because of the small cross-sectional area available for fluid flow. Therefore, any change in the particle formulation of this thin porous base wick layer may result in significant changes in performance of the two-layer wick. We evaluate the effect of sintered particle size on capillary-fed boiling by fabricating three different singlelayer wicks. Figure 4 shows plan and section views of the single-layer wick design. The wick has a thin, uniform layer of sintered particles over the central 1 cm 2 evaporator area; the thickness, tbase, is identical to the base layer thickness of the two-layer wick. This thin layer is supplied with liquid from the periphery by a thicker bulk wick (thickness tbulk).
The wicks are fabricated by sintering a wick of thickness tbulk over a square area with edge length lbulk, followed by laser machining the middle 1 cm 2 region down to a thickness, tbase. Details of the three wicks tested are given in Table 2 , fabricated from three different particle size ranges: 45-53 μm, 90-106 μm and 180-212 μm. Each single-layer wick in the table is denoted by a sample ID, which contains the particle size range followed by the thickness (tbase) of the evaporator region. The 90-106 μm and 180-212 μm singlelayer wicks have two particle diameters across their thickness, while the 45-53 μm wick has four particle diameters across its thickness. Figure 5 shows SEM images of the sintered wicks for each different particle size range. The two smaller particle size ranges have irregular-shaped particles manufactured by water atomization, while the larger 180-212 μm particles contain a mix of spherical and irregular particle geometries. Table 2 also lists the porosity and a calculated value of permeability for the samples. The porosity is calculated by measuring the weight and volume of the sintered porous layer after sintering. The
2 ) is used to estimate the permeability, where D is the mean particle size and φ is the porosity of the wick. The trend in wick resistance with particle size, over the range of heat fluxes before partial dryout, can be attributed to the impedance to vapor removal from the wick during boiling. Considering the low permeability of the smaller 45-53 μm particles, vapor escaping the wick incurs a large pressure drop as it flows up through the pore paths. Any pressure drop in the vapor corresponds to an increased saturation temperature drop across the wick thickness. Sample 180-212:400 has the highest permeability and therefore imposes the lowest hydraulic, and hence thermal, resistance. The increase in thermal resistance after the onset of partial dryout in each case is trivially explained from the visualizations; during the partial dryout regime, the center of the heated area is devoid of all liquid and capillary-fed boiling cannot occur in this region, resulting in an increased thermal resistance.
The effect of particle size in sintered coatings on pool boiling behavior has been extensively studied in the literature [19, 20] . In addition, there have been detailed characterizations and statistical descriptions of sintered wick structures [21] , and their effects on pool boiling [22] . However, few studies have addressed the effect of particle size during capillary-fed boiling; moreover, the wick types, heating area, and wick thicknesses differ between each of these studies. Weibel et al. [14] tested the thermal resistance of ~1 mmthick sintered wicks with three different particle sizes and observed a minimum thermal resistance at an intermediate optimum particle size. Investigations on monolayer sintered porous wicks with different particle sizes performed by Ju et al. [7] revealed a higher wick resistance for lower particle sizes. Li et al.
[23] considered sintered screen mesh wicks and reported that the dryout limit was higher for wicks with larger pore sizes. This was attributed to the decreased flow resistance to capillary flow if the wicks possessed larger pore sizes. In the present work, wick 180-212:400 gave the best boiling performance, providing the highest complete dryout limit along with a low value of thermal resistance. This is attributed to the high permeability of the wick, which allows for ease of liquid feeding. Although the capillary pressure is lower for larger particle sizes (Pc ~ 1/D), the effect of the larger wick permeability (K ~ D 2 ), outweighs the effect of the reduced capillary pressure for this evaporator design.
Two-layer wick testing
A two-layer evaporator wick was fabricated with the 180-212 μm particle size range that provided the highest dryout heat flux among the single-layer wicks. It was shown in our previous work [17, 18] (treating all other boundaries as insulated). The values of the heat transfer coefficient as a function of heat flux were specified based on our prior experiments for capillary-fed boiling in two-layer wicks [18] . A 15 mm × 15 mm region was identified as the optimal size for the two-layer wick region; further increases in this area would not further reduce the effective total thermal resistance via heat spreading, but would unfavorably increase the length over which capillary feeding would need to occur within the two-layer wick (likely reducing the maximum heat flux that could be dissipated). Appendix A includes the analysis performed to calculate the heat spreading area, and the effect of heat spreading on the total thermal resistance of the two-layer wick. In the facility, the dam that seals this wick has an enlarged 15 mm × 15 mm opening to allow unrestricted release of vapor. The important dimensions of the wick are as follows: dpost = 650 μm, dvent = 500 μm, tpost = 400 μm, tcap = 700 μm, and tbase = 400 μm (see Figure 7 for symbol definitions). The base wick thickness and particle composition are the same as in the 180-212:400 singlelayer wick. The supporting information (Appendix B) provides high-speed videos of the phase change process in the two-layer wick, captured at different steady heat fluxes along the boiling curve. The boiling behavior in the two-layer wick is characterized by bubbling through the vents at low heat fluxes, followed by a transition to vapor jetting out of the vents at high heat fluxes. During the boiling process, it was observed that high-speed vapor flow out of the vents entrains liquid droplets that spray out of the wick, potentially reducing the total mass of liquid being effectively fed to the evaporator region. This is similar to the results observed by Cai and Chen [11] , who reported up to 12% liquid loss due to spraying from their biporous wick, which directly affected the dryout limit. In the two-layer wick, some of the liquid spray from the boiling layer (base wick) is expected to be captured by the cap layer above, thereby reducing the total liquid loss compared to single-layer wicks.
Discussion
The two-layer wick provides a combination of high-heat-flux dissipation from large heated areas along with a low thermal resistance. In this section, the thermal test results from the two-layer wick in this work are compared against various prior investigations reported in the literature on capillary-fed boiling in porous wicks. Figure 9 (a) shows a plot of the maximum heat flux dissipated as a function of heated area, from among the references listed in Table 1 . This plot reinforces the inverse relationship between heater size and the dryout heat flux described in the introduction. Extremely high heat fluxes of ~700 W/cm 2 and higher have only been dissipated over very small hotspots of less than 10 mm 2 . For example, the highest reported heat flux of ~1250 W/cm 2 [24] was attained over a very small hotspot of 0.6 mm 2 . As the heater sizes increase, the dryout heat fluxes are reduced. Cai and Bhunia [25] noted a decrease in dryout heat flux for carbon nanotube biporous wicks from 770 to 140 W/cm 2 for an increase in heater area from 4 mm 2 to 100 mm 2 . Similarly, Nam et al. [15] reported that the dryout limit of nanostructured micro-post wicks decreased from ~800 W/cm 2 to 200 W/cm 2 when the heater size was increased from 4 mm 2 to 25 mm 2 .
In the case of a small hotspot (as opposed to a larger heating area), the liquid must be fed only over a small area of wick to avoid dryout. This reduced flow length significantly reduces the pressure drop in the wick. In addition, for a small hotspot, heat spreading in the underlying substrate plays a stronger role in effectively increasing the area available for phase change. For these reasons, the dryout limits are always lower for larger heater sizes. Consequently, there are only two reports of ~500 W/cm 2 heat dissipation over a relatively large, 1 cm 2 area. Hwang et al. [6] developed a sintered evaporator wick with lateral feeding arteries that supply liquid to a thin monolayer of sintered particles. They reported a maximum heat flux dissipation of 580 W/cm 2 over 1 cm 2 , albeit at a high surface superheat temperature of 72 K due to the occurrence of partial dryout. The two-layer wick reported here provides a maximum heat flux dissipation of 485 W/cm 2 (star symbol in Figure 9 (a)) over 1 cm 2 heat input area, at a significantly lower superheat of only 25 K due to avoidance of partial dryout by the top-down liquid feeding approach.
A new capillary-fed boiling performance map is developed and shown in Figure 9 (b) to identify wick types that can simultaneously provide high power and low thermal resistance operation. This figure plots the thermal resistance at the maximum power level against the maximum total power dissipated. Data points in the region of the plot towards the bottom right indicate superior performance. Although various studies have shown high-heat-flux values, the total power dissipated has been low, owing to the smaller heater areas. In general, thick wicks with multiple layers of sintered particles can dissipate high powers but exhibit large thermal resistances, due to vapor clogging in the pore spaces of the wick during boiling [10] .
Reductions in thermal resistance are achieved by providing separate, high-permeability pathways for vapor flow out of the wick, such as with grooved channels [8] , grid-patterns [26] or high-permeability foams [9] .
In comparison to all previous wicks tested in the literature, the two-layer wick (star symbol in Figure 9 (b)) achieves a unique combination of high power dissipation (485 ± 27 W) combined with a low thermal resistance (0.052 ± 0.008 K/W).
Conclusions
This study demonstrated high-heat-flux passive dissipation using capillary-fed boiling in a two-layer sintered evaporator wick. The two-layer wick concept uses a thin base-wick layer combined with additional dedicated liquid-feeding and vapor-removal structures to separate the liquid feeding and vapor removal pathways in the porous wick during boiling. The two-layer wick was fabricated using a combination of sintering and laser machining process steps; SEM images and μ-CT scans were analyzed to characterize the as-fabricated internal structures of the two-layer wick. Three single-layer wicks having different particle sizes were fabricated and tested to determine the optimal size range given the strong influence of wick formulation on capillary-fed boiling performance. Increasing the particle size led to an increase in the dryout limit as well as a decrease in the thermal resistance during capillary-fed boiling. This was attributed to an increased permeability provided by larger particle sizes that offered a reduction in the flow impedance to both liquid feeding and vapor removal. To realize high-heat-flux dissipation, a two-layer wick with a 15 × 15 array of liquid-feeding posts was sintered using the largest (180-212 μm) particles. This two-layer wick dissipated a maximum of 485 W/cm 2 over 1 cm 2 at a thermal resistance of 0.052 K/W. Comparing this thermal performance to prior work reported in the literature on capillary-fed boiling reveals that the two-layer wick is able to provide an unprecedented combination of high total power heat dissipation at low thermal resistance. Table 1 . Recent developments in capillary-fed evaporation/boiling on evaporator wicks for high-heat-flux dissipation. All of the studies included use water as the working fluid. The superheat and thermal resistance correspond to the values as measured at the maximum heat flux/power. Table 2 . Properties of the single-layer sintered porous wicks. (note for editor: 1 column wide)
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